The current study investigates the learning of nonnative suprasegmental patterns for word identification. Native English-speaking adults learned to use suprasegmentals (pitch patterns) to identify a vocabulary of six English pseudosyllables superimposed with three pitch patterns (18 words). Successful learning of the vocabulary necessarily entailed learning to use pitch patterns in words. Two major facets of sound-to-word learning were investigated: could native speakers of a nontone language learn the use of pitch patterns for lexical identification, and what effect did more basic auditory ability have on learning success. We found that all subjects improved to a certain degree, although large individual differences were observed. Learning success was found to be associated with the learners' ability to perceive pitch patterns in a nonlexical context and their previous musical experience. These results suggest the importance of a phonetic-phonological-lexical continuity in adult nonnative word learning, including phonological awareness and general auditory ability.
The human nervous system has a remarkable ability to learn to integrate novel complex sounds into words. This ability is evident in both infants and adults. Although numerous studies of speech and language learning in adulthood have been conducted (e.g., Jamieson & Morosan, 1989) , including recent studies examining learning-related neural changes, they were either concerned with learning foreign sounds without considering their contribution to larger linguistic contexts such as words (Bradlow, Akahane-Yamada, Pisoni, & Tohkura, 1997; Golestani & Zatorre, 2004) or they focused on word learning without considering the contribution of specific phonetic features (McLaughlin, Osterhout, & Kim, 2004; Raboyeau et al., 2004) . For a fuller understanding of language processing and instruction, it is essential to understand the bridge between phonemes and words, given the widely accepted notion that phonemes are the building blocks of spoken language (e.g., Chomsky & Halle, 1968) . In addition, there is a mounting literature showing that infants must be able to perceive the phonetic differences between two sounds, and that they must learn that these phonetic differences have phonological importance before they can use two sound patterns contrastively for word identification (Stager & Werker, 1997; Swingley & Aslin, 2002; Werker, Fennell, Corcoran, & Stager, 2002) . These results suggest a phonetic-phonological-lexical continuity for speech learning, such that more basic auditory abilities 1 (phoneme discrimination) mediate performance on higher level auditory tasks (word learning), consistent with bottom-up models of speech perception (e.g., Norris, McQueen, & Cutler, 2000) . Bottom-up processes may be especially important in learning, which likely requires additional attention to acoustic details. For example, it has been shown that masking of acoustic details by noise is more detrimental to the perception of speech by less experienced (nonnative) listeners relative to more experienced (native) listeners (Van Wijngaarden, Steeneken, & Houtgast, 2002) . The present study investigates two important facets of sound-to-word learning in adults: first, can native speakers of a nontone language successfully learn the use of pitch patterns for lexical identification; second, how does the phonetic-phonological-lexical continuity manifest itself in adult second language learners-specifically, what relation does more basic auditory ability have to successful nonnative language word learning.
LEARNING OF SEGMENTAL AND SUPRASEGMENTAL FEATURES
A substantial amount of recent research has expanded our understanding of how linguistic exposure early in life affects the tuning of perceptual systems for speech in adulthood (see Werker & Tees, 2005 , for a review). For example, Werker and Tees (1984) found that 6-to 7-month-old infants raised in an English-speaking environment and native Hindi-speaking adults had no difficulty distinguishing the Hindi (non-English) retroflex/dental stop contrast, whereas native Englishspeaking adults did experience difficulty. Similarly, Polka, Colantonio, and Sundara (2002) found that English speakers improved in their perception of a /d/-/D/ contrast during language development into adulthood, whereas French speakers showed no such improvement. These results suggest the plasticity of the perceptual systems underlying language development, such that early and extensive exposure to a phonemic contrast heightens sensitivity to that contrast specifically, shaping the perception of native and foreign speech sounds later in life (e.g., Flege, 1995) . Various models have been postulated to account for the different patterns of results in adult foreign speech perception, including Best's perceptual assimilation model (e.g., Best, McRoberts, & Goodell, 2001 ), Flege's speech-learning model (Flege, 1995) , and Kuhl's native language magnet model (Kuhl, Williams, Lacerda, Stevens, & Lindblom, 1992) . Generally speaking, these models do not focus on how nonnative phonemes can be used in words, nor do they focus on nonnative suprasegmentals (see Hallé, Chang, & Best, 2004 , for an initial proposal). Despite their difficulty in perceiving some foreign sounds, it has been found that adults showed improvement in discriminating, identifying, and/or producing speech sounds that are not in their native language after shortterm (weeks) behavioral training, including three-way voice onset contrasts by English speakers (e.g., Pisoni, Aslin, Perey, & Hennessy, 1982) , /θ /-/ε/ contrasts by French speakers (e.g., Jamieson & Morosan, 1989) , and /r/-/l/ by Japanese 567 Wong & Perrachione: Learning pitch patterns in lexical identification speakers (e.g., Bradlow et al., 1997; Lively, Logan, & Pisoni, 1993; McCandliss, Fiez, Protopapus, Conway, & McClelland, 2002) .
Although almost all studies concerning phonetic learning focused on the learning of consonants and vowels (segments), the learning of suprasegmentals was also investigated. Most languages of the world use lexical tones (lexically meaningful pitch patterns) and are called tone languages (Fromkin, 2000) . Mandarin Chinese is a tone language that has four lexical tones: high level (Tone 1), rising (Tone 2), dipping (Tone 3), and falling (Tone 4). For example, four different words can result when the syllable /ma/ is spoken in each of the four lexical tones. Respectively, it can mean "mother," "hemp," "horse," or "scold." Similar to the segmental learning studies discussed, Wang, Spence, Jongman, and Sereno (1999) further showed that adults were able to improve in their ability to identify Mandarin lexical tones after a short period of training. In the Wang study, native English-speaking adults were trained to identify the four Mandarin lexical tones in nonlexical contexts, that is, subjects were asked to attend to and identify the trajectory of the pitch patterns without using them to contrast word meaning. With eight sessions of training, identification accuracy increased by an average of 21%.
Taken together, these studies of speech learning show that despite years of reduced experiences with nonnative phonetic features, both segmental and suprasegmental, adults' ability to identify nonnative features can generally be improved. It is worth noting that time (e.g., 10 sessions) was often the criterion for training termination, not proficiency level. Although significant improvement was often observed, it is not clear whether all subjects learned to the fullest of their potential, and factors influencing attainment and individual differences in learning were not investigated.
SEGMENT-TO-WORD LEARNING
In the aforementioned speech-learning studies, including both segment and suprasegmental learning, the sole focus of training the adults was for them to improve in their ability to perceive the individual speech sounds or phonetic contrasts, but not to use them in actual words or larger communicative contexts. A notable exception of these adult speech training studies (including the Wang et al. study) is one conducted by Curtin, Goad, and Pater (1998) . In this study, subjects learned to use three-way Thai voicing contrasts for word identification. After a fixed training period (2 days), English and French learners improved in their ability to match the auditorily presented Thai words with the correct pictures, indicating the correct use of Thai voicing for lexical purposes. However, as far as we are aware, no published studies have been conducted that examined the learnability of suprasegmentals (lexical tones in particular) for lexical identification, let alone the factors that might contribute to learning.
Although Wang et al. (1999) successfully trained native English-speaking subjects with no exposure to any tone language to identify pitch patterns embedded in various types of syllables produced by several different talkers, it remains unclear whether native English-speaking subjects can learn to use these pitch patterns for the purposes of identifying words. Anecdotal evidence suggests that even highly proficient learners of Mandarin who are native English speakers have difficulty Applied Psycholinguistics 28:4 568 Wong & Perrachione: Learning pitch patterns in lexical identification with lexical tones, despite the fact that communication is largely successful. This is likely because of the contextual and semantic redundancy occurring in most naturalistic communicative situations. High-level attainment of Mandarin proficiency, then, may not necessarily imply a high level of accuracy in producing and/or perceiving lexical tones. This anecdotal evidence is supported by a study of Mandarin tone perception by native English-speaking adults who had several years of Mandarin instruction but whose tone perception performance was still substantially lower than that of native Mandarin speakers (Gottfried & Suiter, 1997) . The primary goal of the current study was to examine whether native English-speaking adults with no previous exposure to a tone language are able to learn to use pitch patterns (suprasegmentals) in a linguistic context. In an effort to examine the subjects' individual learning ability, we used a performance-based, rather than a time-based, training termination criterion.
FACTORS ASSOCIATED WITH LANGUAGE LEARNING
In the language learning and development literature, it has been shown that phonological and morphological awareness are important indicators of learning success in Indo-European and non-Indo-European languages including Chinese (e.g., Berninger, 2001; McBride-Chang, Shu, Zhou, Wat, & Wagner, 2003) . Such awareness is often defined as the learner's ability to identify and/or manipulate components of linguistic units. For example, in the commonly used Phonological Awareness Test (Robertson & Salter, 1997) , subjects are asked to identify rhyming words presented in pairs in the Discrimination task of the Rhyming Subtest, and they are asked to identify one phoneme by positions in a word in the Isolation Subtest. Because these tests are generally constructed to assess Indo-European languages, no tone identification subtest is included. As far as we are aware, no studies have been conducted to examine the relationship between tone awareness and learning to use lexical tones in words in either firstor second-language learning. Given the robustness of the reported contribution of phonological and morphological awareness in language learning, including studies using formal phonological awareness test battery for assessing reading acquisition (e.g., Berninger, 2001) , as well as studies suggesting that phoneme (consonant) identification (in nonstandardized test) is a prerequisite for spoken word learning (e.g., Werker & Curtin 2005; Werker et al., 2002) , we expect that tone awareness will likely contribute to tone language learning. Therefore, for all our learners, a tone (pitch pattern) identification test, which addresses this aspect of phonological awareness, was administered before the onset of training, and their ability to identify these tone patterns exclusive of a linguistic context was compared with their ability to learn to use them in words.
In a recent study investigating the possible relationship between musical experience and lexical tone perception, Alexander, Wong, and Bradlow (2005) found that native English-speaking amateur musicians who had no previous exposure to any tone language showed increased ability identifying and discriminating Mandarin tones relative to their nonmusician counterparts. These amateur musicians had at least 6 years of formal private lessons in one instrument starting before 10 years old, whereas their nonmusicians counterparts had less than 3 years of Applied Psycholinguistics 28:4 569 Wong & Perrachione: Learning pitch patterns in lexical identification musical training. However, whether these amateur musicians also possess increased ability in learning to use pitch patterns in lexical context remains unknown; this was addressed in the current study. If they indeed possess increased ability in lexical learning, that would suggest a more basic and general auditory mechanism contributes to spoken language learning, which is consistent with the general framework of bottom-up models (e.g., Norris et al., 2000) and models suggesting detailed acoustic and vocal analyses to be prerequisites of speech perception (e.g., Belin, Fecteau, & Bédard, 2004) .
In the present study, native English-speaking adults who had no exposure to a tone language were trained to identify English pseudowords superimposed with three pitch patterns resembling three Mandarin lexical tones. Successful learning of the vocabulary necessarily entailed learning to use pitch patterns in words. Before training, all subjects reported their prior musical experience and participated in a separate experiment in which they were asked to identify pitch patterns similar to those superimposed in the training stimuli.
METHOD Subjects
Subjects were 17 young adult native speakers of American English (ages = 18-26 years, mean = 20.65) who reported having no audiologic and neurologic deficits. All were undergraduate students at, or recent graduates of, Northwestern University. All but 2 subjects were right handed as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971) ; the remaining subjects were ambidextrous. None had previous exposure to a tone language at any time in life. In a self-report of foreign language experience, 13 subjects reported some experience with learning a second language ranging from "basic" to "conversational," of whom only 1 reported second-language fluency, and 4 subjects reported no exposure to a second language. To assess subjects' previous musical experience, we asked all subjects to fill out a music history questionnaire. According to self-reports, 8 subjects were amateur musicians (ages = 19-26 years, mean = 21.13), as defined by at least 6 years of formal private lessons in one instrument starting before the age of 10 (most of the subjects started earlier and had experience with multiple instruments). Nine subjects were nonmusicians (ages = 18-25 years, mean = 20.22), defined by no more than 3 years of private lessons in any combinations of instruments. Subjects were not selected specifically because of their musical background, and the proportion of amateur musicians in the study was not controlled. However, subjects who fell outside our definitions of musicianship were excluded from our study (e.g., individuals who had 6 years of musical training but started at age 11 or older). This definition of musicianship is similar to Alexander et al. (2005) .
Training stimuli
The training stimuli consisted of 18 English pseudowords with pitch patterns resembling Mandarin Tones 1 (level), 2 (rising), and 4 (falling), as shown in 
Note: Subjects were trained on a vocabulary of 18 artificial words. Each word, written in the International Phonetic Alphabet, is followed by its corresponding meaning. Numbers following lexical items designate tone. Level tone is indicated by 1, rising tone by 2, and falling tone by 4, according to convention.
Tone 3, the dipping tone, was not included because it has been shown perceptually to be the most confusable tone both to native Mandarin speakers (Chuang, Hiki, Sone, & Nimura, 1972) and to second-language learners of Mandarin (Gottfried & Suiter, 1997; Kiriloff, 1969) . Its exclusion should have facilitated the overall learnability of the training program. Some stimuli contain phonemes similar to those in Mandarin Chinese (e.g., Mandarin also has /p/), but all words violate Mandarin phonotactic patterns for segments such that none could be a true Mandarin word. English pseudowords were chosen because we were specifically interested in isolating the effects of learning to use pitch lexically, and it has been found that unknown words containing native phonological patterns (phonotactically legal combinations of phonemes from the native language) are easier to learn than those with nonnative phonological patterns (Feldman & Healy, 1998) . As shown in Table 1 , there are six sets of words with minimal pitch contrasts in each set. That is, the three words sharing the same sequence of segments differed only in terms of their lexical pitch contours. A native speaker of American English was asked to produce these words with a high pitch in a sound-attenuated chamber via a SHURE SM58 microphone onto a Pentium IV PC sampled at 44.1 kHz. These words were then resynthesized to include variants consisting of the three different pitch patterns. Pitch patterns were interpolated linearly through the voiced portion of each stimulus, using the pitch-synchronous overlap and add (PSOLA) method implemented in the software Praat (Boersman & Weeknik, 2005) , which resulted in perceptually natural stimuli as judged by eight native Mandarin speakers. The starting and ending pitch points for Tone 1 were identical. This value was the mean fundamental frequency (F0) of the list of words produced by the speaker. The ending pitch point of Tone 2 was the same as Tone 1, and the starting pitch point of Tone 2 was 26% lower than its ending point. The starting pitch point of Tone 4 was 10% higher than Tone 1 and fell by 82%. These pitch contours were modeled on the values obtained by Shih (1988) , and the procedures of stimulus generation were similar to Wong, Parsons, Martinez, and Diehl (2004) . Other than F0, all acoustic parameters corresponded to the talker's original productions, including duration and voice quality characteristics, so that each triad of the training stimuli differed only in F0. To test the perceptual similarity of our synthesized pitch contours to natural stimuli, eight native Mandarin-speaking individuals were asked to identify the pitch patterns (rising, falling, or level) of these training stimuli. These subjects judged our stimuli to be of the same pitch contour we intended over 97% of the time.
Training procedures
Subjects were trained to identify word meanings as depicted by drawings. As shown in Table 1 , word meanings assigned to the stimuli represent high frequency English nouns (Raymer et al., 1990) . Similar to Curtin et al. (1998) , to facilitate learning, the 18 words were divided into six groups of three stimuli. Although each group contained all three lexical tones, no minimal pairs or triads were present within any group (e.g., /p h ES1/, /dôi2/, and /n2k4/). 2 The format of the training sessions is illustrated in Figure 1 . In a training session, subjects learned to associate the image of an object with 1 of 18 pseudowords (a process we considered comparable to second-language word learning, because it required a mental mapping between a new [nonnative] sound sequence and a known concept); each word was heard four times with its corresponding picture (Figure 1a ). Subjects were then quizzed over the words they just learned (Figure 1b) . Subjects heard 1 of the words and selected the correct image from among the 3 they had just learned. During the quiz, feedback was used to help subjects recognize and correct their mistakes. At the end of each training session, subjects were presented with the 18 trained words, randomized and repeated three times (54 trials total), and were asked to identify each word by selecting the corresponding drawing out of 18 possible choices when no feedback was given. Subjects were given as much time as needed to identify the words. The score of this last word identification Applied Psycholinguistics 28:4 572 Wong & Perrachione: Learning pitch patterns in lexical identification test of 54 trials was used to determine whether the training criterion was met. Training was terminated when subjects showed at least 95% accuracy for two consecutive sessions ("successful learning"), or when they failed to improve by at least 5% accuracy for four consecutive sessions ("less successful learning"). Because subjects were required to only learn 18 words and pilot experiments indicated that some subjects were able to achieve an accuracy level close to 100%, we established, before the onset of the actual experiment, a relatively stringent criterion (95% accuracy) to determine learning success. Subjects cannot improve more than 5% once they reached 95% accuracy or above, so we felt that our definition of successful and less successful learning was reasonable for the scope of the current study. Each session, including the training, practice quizzes, and test, lasted about 30 min. Subjects received three to four training sessions per week, with no more than one training session prescribed in a day.
Pitch pattern (tone) identification stimuli and procedures
As discussed earlier, phonological awareness was shown to be an important indicator of language learning (especially reading) success and, sometimes, disorders (e.g., Berninger, 2001 ). In the absence of a standard tone awareness test, we developed our own stimuli and procedures analogous to such a test. Because this test only addresses one aspect of phonological awareness, we use the specific term "pitch pattern identification test," to describe what the subjects were actually required to do.
Before lexical training, all subjects participated in this pitch pattern identification test. Two male and two female speakers of Mandarin Chinese each produced five Mandarin vowels /a/, /i/, /o/, /e/, and /y/ with Mandarin Tone 1 (level tone). These vowels were then resynthesized similar to the procedures described above with Mandarin Tones 1 (level), 2 (rising), and 4 (falling) imposed. None of the speakers who produced these stimuli was the same as the native English speaker who produced the training stimuli. The set of pitch patterns for each talker was different, and their naturally produced Tone 1 was used as a reference to first guide the resynthesis of Tone 1 and subsequently Tones 2 and 4. Including three random repetitions, there were 180 trials (four speakers × five vowels × three tones × three repetitions). Subjects heard one syllable at a time and were visually presented two different pictures (i.e., → = level, ↑ = rising, and ↓ = falling), one depicting the pitch pattern of the auditory stimulus. Subjects were asked to press the response button that corresponded to the pitch pattern of the vowel they heard. For example, button A = ↑ (shown on the left side of the screen) and button B = ↓ (shown on the right side). They were familiarized with the task before proceeding with the actual experiment. Because this task was designed to test subjects' pretraining pitch perception ability, they received no feedback regarding their performance on this task, either from the computer or the experimenter. Note that this task is considered "nonlexical" because subjects were not asked to identify or access words but to only attend to the pitch patterns. These procedures resembled those in Alexander et al. (2005) comparing amateur musicians and nonmusicians who were native English-speaking adults. 
RESULTS

Word-learning performance
As discussed in the Methods section, subjects' word identification (learning) performance was assessed at the end of each training session. Furthermore, no one set time determined the termination of training, but rather the training program continued until learners reached their individual asymptotic performance. Subjects' performance was considered asymptotic if they showed less than a 5% improvement for four consecutive sessions (less successful learners) or when they reached higher than 95% accuracy for two consecutive sessions (successful learner). We found that at the end of the first training session, the average (mean) word identification score for all subjects was 32.24% (range = 11.11-55.56%). At the initial point where asymptotic performance was observed ("attainment level"), subjects' average performance was at 83.23% (range = 42.60-100%), an improvement of 50.98% (see Figure 2 ). Nine out of the 17 subjects were successful learners and 8 were less successful learners. Figure 2 shows the performance (learning) trajectories of individual subjects separated into the two subject groups. A 2 × 2 (Group × Training) repeated measurements analysis of variance (ANOVA) revealed a main effect of training, F (1, 15) = 118, p < .0001, demonstrating that all subjects improved their performance. We found no significant difference between the two subject groups in the number of sessions it took to reach asymptotic performance; successful subjects as a group took 7.22 (range = 2-12) sessions to reach asymptotic performance, whereas less successful subjects took 9.38 (range = 5-18) sessions.
We also calculated the number and type of errors the subjects made. As correctly learning the new words required learning both their segmental and pitch pattern components, errors could be attributed to misidentifying one of either of these components or both. Tone-only errors were determined when the subject's response correctly matched the segments of the stimulus, but failed to match the pitch pattern (e.g., answering /p h ES1/ if the target was /p h ES4/). Subjects could also misidentify just the phonetic segments of the word (e.g., answering /p h ES2/ if the target was /dôi2/), or both the tonal and segmental components of a syllable. At the end of the first training session, 64.23% of the errors were associated with misidentifying tone alone for all subjects. At attainment, over 97.06% of all errors were related to misidentifying tone alone. There was no reliable difference in the percentage of error between successful and less successful learners (Figure 3) . A Group × Training repeated measures ANOVA revealed a main effect of training, F (1, 15) = 30.483, p < .001, but with no significant interaction or reliable group differences. These results showed that although learners had difficulty with both segmental and suprasegmental patterns early on, they acquired segmental contrast to a nearly perfect degree, and only pitch patterns (tonal) errors remained at attainment. This was true for both successful and less successful learners. Note that the percentage of an error type was calculated with regard to the total number errors in general. In other words, although the errors made by both groups were almost exclusively tone only toward the end, the less successful learners still made a greater quantity of errors than their successful counterparts, and these errors were pitch related. These results suggest successfully identifying pitch patterns to be the key component of learning in this training program. 
Nonlexical pitch pattern identification
As discussed above, before they began the training program, all subjects participated in a nonlexical pitch pattern (tone) identification task. Subjects' mean accuracy level was at 78.05% (range = 62.22-98.33%). To assess the relationship between nonlexical pitch pattern identification and word learning attainment level, a linear regression model was constructed with attainment level being the dependent variable and pitch pattern score being the predictor. We found that the pretraining pitch identification score significantly predicted the attainment level, R 2 = 0.487; F (1, 15) = 14.22, p < .002. These results are shown in Figure 4 . Further analyses of the relationship between pitch pattern identification and word learning showed that the successful learners scored significantly higher in pretraining pitch pattern identification relative to the less successful learners as a group, F (1, 15) = 22.08, p < .0001. In addition, we found little overlap between the ranges of pitch pattern identification scores between the two subject groups as shown in Figure 5 .
Musical experience and word learning
Only subjects who fulfilled our definitions of musicianship were included in this study. We found that the distribution of amateur musicians differed significantly between the successful and less-successful learner groups, χ 2 (16) = 4.50, p < .034, with seven out of the eight amateur musicians (87.5%) becoming successful learners. Only two out of the nine nonmusicians (22.22%) successfully learned. In other words, seven out of our nine successful learners (77.78%) were amateur musicians. It was not surprising that we found these amateur musicians . Subjects' pretraining pitch pattern identification score was a significant predictor of their ultimate attainment. That is, the better they were at identifying pitch patterns in a nonlexical environment, the better they were able to use those pitch patterns during word learning. Parentheses next to data points indicate the number of overlapping points. Filled and open data points represent successful and less successful learners, respectively. to have increased pitch pattern identification scores relative to our nonmusicians, F (1, 15) = 11.335, p < .004. These results replicated those of Alexander et al. (2005) who found musicians to have increased ability in discriminating and identifying Mandarin tones relative to nonmusicians. Here, we also found that musicians tend to have an increased ability to learn to use pitch patterns in words. We also attempted to find correlations between other factors of musical experience and learning (attainment level). These factors included the length of musical training and the age of onset (when musical training started); however, none of these factors was significant. It is also worth noting that the successful learners and less successful learners did not differ appreciably in the amount of nonnative language exposure they had prior to undertaking this training program.
DISCUSSION
As far as we are aware, this is the first study demonstrating that in at least some adults, suprasegmental phonetic features that do not occur in their native language can be learned for use in words. These results build on the work by Curtin et al. (1998) , who showed that individuals could learn to use nonnative segmental contrasts to identify words. Furthermore, these results are complementary to the results of Wang et al. (1999) , which showed that native English-speaking subjects can improve in identifying Mandarin tones in nonlexical contexts.
Four characteristics of the current training methods and stimuli as they relate to previous studies are worth mentioning. First, the current study used a performancebased training termination, instead of a time-based criterion as used in previous speech learning studies discussed earlier. Using this method, we arguably allowed each subject to reach his/her individual learning potential and provided observations of ultimate attainment level for each individual. This method also allowed us to identify individuals who were highly successful learners and those who were not and to attempt to investigate factors that contribute to various degrees of successful learning.
Second, another characteristic of the current training method is that our training stimuli were produced by only one talker. It has been found that although speech perception (and tone perception) in multitalker conditions is more difficult for subjects, relative to single-talker conditions (Wong & Diehl, 2003) , using training stimuli spoken by multiple talkers could enhance learning of the target sounds, that is, if learning is defined by generalization to stimuli that were not previously heard (e.g., Lively et al., 1993) . Because the main focus of the current study is to examine the learnability of pitch patterns for lexical purposes (not stimulusinternal factors that influence learnability or generalization to new stimuli), we opted for a paradigm that was more likely to decrease learning time (i.e., be less difficult), although generalization to novel stimuli, which was not our focus, might be compromised.
Third, we chose to include resynthesized rather than natural stimuli for training, although natural stimuli have been shown to be more conducive to learning relative to fully synthesized stimuli (e.g., Logan & Pruitt, 1995) . Because lexical tones are cued by multiple acoustic cues, including pitch, voice quality, and duration (e.g., Blicher, Diehl, & Cohen, 1990 ), we wanted to be able to conclude more definitively Applied Psycholinguistics 28:4 579 Wong & Perrachione: Learning pitch patterns in lexical identification that at least one acoustic factor (pitch) was attended to by the learners, and failure to learn was not necessarily related to an inability to integrate multiple acoustic factors. It is worth emphasizing that the resynthesized stimuli using the PSOLA method as stated above, including our training stimuli, generated highly natural sounding stimuli as judged by native Mandarin speakers. We believe, therefore, that a reduction of naturalness was not a concern. However, as a follow-up study, one may seek to assess if natural stimuli could enhance or reduce learning, including the consideration of various acoustic cues (duration, voice quality, etc.) that are potentially important in lexical tone perception by native speakers. Furthermore, because we have established in the current study that some adults are able to learn to use pitch patterns in word identification, we are currently investigating the differences between training programs that include training stimuli from one versus multiple talkers in terms of the length of training as well as the degree of generalization to untrained stimuli.
Fourth, a characteristic of the current study is that we used English pseudowords rather than Mandarin syllables as training stimuli. As discussed earlier, we were sensitive to the fact that nonnative phonetic (segmental) sequences could be difficult to learn (Feldman & Healy, 1998) . By using English pseudowords spoken by an English speaker, we eliminated the training of nonnative segments or accented syllables and instead required our subjects to focus on learning only a nonnative suprasegmental (pitch) contrast. Our research question did not concern the Mandarin language per se, but whether a phonetic feature (viz., lexical pitch pattern) that is used in most languages of the world (including Mandarin) can be learned by nontone language speakers. Therefore, we believe it was reasonable to utilize English segmental patterns.
Tone awareness and word learning
We found in the present study that the ability to identify pitch pattern in a nonlexical context significantly predicted learners' ability to use pitch in newly learned words, as indicated by a regression model, and comparisons may be made between pitch pattern identification scores from successful learners and less successful learners in terms of group averages and the minimal overlap of ranges of scores. These results concerning the connection between pitch identification (one aspect of tone awareness) and word learning involving pitch is reflective of the broader language learning literature showing metalinguistic awareness, including phonological and morphological awareness, to be important language learning indicators (e.g., Berninger, 2001; McBride-Chang et al., 2003) . Our results show that such metalinguistic (phonological) awareness is restricted not only to an alphabetic system or segmental phonemes but also to suprasegmentals.
It is important to point out that we do not see pitch identification to be the only factor influencing word learning. We found in our regression model that about 50% of the variance in attainment level was explained by pitch identification. We do not doubt that other factors contribute to successful sound-to-word learning. Just as a variety of cognitive and environmental factors such as phonological working memory affect the development of native language (Adams & Gathercole, 1996) , it has also been found that multiple factors contribute to successful second Applied Psycholinguistics 28:4 580 Wong & Perrachione: Learning pitch patterns in lexical identification language learning and, to a certain extent, nativelike competency, analogous to our highly successful learner group (see Robinson, 2005 , for a review). Some of these additional factors include verbal working memory (e.g., Miyake & Friedman, 1998) , motivation, and age of onset, as well as length, intensity, and quality of training (e.g., Birdsong, 1999; Bongaerts, 1999) . However, with the ability to explain half of the variance, we believe nonlinguistic pitch identification (phonetic awareness) to be a highly important factor for word learning involving such an acoustic cue. As discussed below, the fact that by the end of training subjects were making almost exclusively pitch-related errors regardless of attainment level further lends weight to the specific importance of pitch perception ability for learning here.
It is also noteworthy that both successful and less successful learners made the same type of errors. Namely, they were both able to learn segments to a near perfect competency and the errors they made toward the end of training were almost entirely related to pitch, although the less successful learners made greater overall numbers of pitch errors than successful learners. This appears to suggest that the less successful learners did not have decreased working memory associated with segmental patterns relative to the successful learners. (For the importance of phonological working memory in relation to second-language learning, see Baddeley, Gathercole, & Papagno, 1998; Cheung, 1996; and Speciale, Ellis, & Bywater, 2004.) At least their memory is sufficient to perform well in our learning program if pitch were never involved.
Music and tone
An interesting aspect of our results is that subjects in the successful learners group tended to have increased musical experience. Music and language can both be described in terms of many common structural characteristics, such as syntactic, generative, combinatorial, and rhythmic features (Patel, 2003) . These structural characteristics are supported by organs of the peripheral and central nervous systems, including muscles of the vocal folds and vocal tract, the cochlea, as well as the neocortex, including Broca's area and the auditory cortex (Denes & Pinson, 1993; Wong et al., 2004) . It has been shown that musicians displayed various neuroanatomic and neurophysiologic differences relative to nonmusicians. For example, at least some musicians (those with perfect pitch) showed leftbiased asymmetry in the size of planum temporale (Keenan, Thangaraj, Halpern, & Schlaug, 2001; Schlaug, Järcke, Huang, & Steinmetz, 1995) . Musicians also showed increased cortical representations in the auditory cortex, as reviewed by listening to piano tone relative to pure tone of the same frequencies (Pantev et al., 1998) . These neuroanatomic and neurophysiologic differences, especially those around the auditory cortex, have been implicated in explaining why musicians have better verbal memory (Brandler & Rammsayer, 2003; Chan, Ho, & Cheung, 1998) . Given that verbal working memory has been found to correlate with second language learning (Miyake & Friedman, 1998) , it is not unreasonable to expect that musicians might have increased ability in learning a second language. Although research has shown that musical training improved spatial-temporal reasoning and math skills in children (Graziano, Peterson, & Shaw, 1999) , relatively little Applied Psycholinguistics 28:4 581 Wong & Perrachione: Learning pitch patterns in lexical identification attention has been drawn to the impact of musical training on second-language word learning and how specific musical abilities may contribute to phonetic perception and word learning. The current study provided some initial evidence for future studies of the transferability of musical ability and language learning that specifically pertains to sound-to-word learning. It is possible that this line of research may provide more specific information with regard to if or why musicians are more proficient in foreign language comprehension (Buck & Axtell, 1986 ). In addition, we acknowledge that the present study focused only on the relation of musicianship to learning a specific nonnative suprasegmental phonological contrast. It remains to be shown whether musicianship likewise facilitates learning segmental contrasts or other aspects of language.
We are cautioned by the fact that our definition of musicianship is somewhat arbitrary. Without the guidance of existing music literature concerning an appropriate definition that we are aware, we chose to continue using a definition similar to what has been found in the literature (Alexander et al., 2005) , which includes consideration of age of onset and years of training, similar to language learning studies (Birdsong, 1999) . Furthermore, at this point, we are not certain whether our successful learners possessed an increased pitch perception ability that is more general, or if their ability was more specific to distinguishing level, rising, and falling pitch patterns as used in the current study. It is also not certain whether the successful learners have an increased general auditory processing and memory ability, and their increased pitch ability is only a by-product. Moreover, we are aware that these results do not explain whether innate ability or increased experience with pitch owing to musical training facilitated word learning. However, we do believe that the current study provided some insights into the relationship between music and language processing and learning. Advocates of a modular view of music processing (Peretz & Coltheart, 2003) support the idea of shared resources for music and speech at the level of early acoustic analysis, but maintain that detailed spectral and temporal processing is specific to either speech or music. If there is greater transferability between music and language, it can support the idea that even if distinct modules exist for speech and music, the level of divergence may be located beyond initial acoustic analysis and extend to the formation of memories and associations of sound. Specifically, the experience of perceiving and learning one category of sounds (music) may influence, or perhaps facilitate, the perception and learning of another category of sounds (speech).
Future directions
Several interesting questions remain. It has been shown that long-term exposure (native language experiences) to the phonological patterns of tone languages can significantly affect the perception of pitch patterns (Bent, Bradlow, & Wright 2006) ; however, it is not known if short-term exposure could result in the same effects. The extent of such plasticity could be assessed by testing learners before and after short-term training on tasks similar to the Bent et al. (2006) study. Another important remaining question is how to effectively train the less successful learners of the current study to raise their word identification performance closer to that of the successful trainees. It is most likely that the current training program is not conducive to optimal learning for certain individuals, especially those with a poorer pretraining pitch identification ability. If nonlexical pitch identification before training is indeed associated with lexical training, as suggested by the current results, it is conceivable to first prescribe a nonlexical pitch training program similar to Wang et al. (1999) to bring nonlexical pitch identification to a higher level prior to lexical training. These questions involving different training methods, including whether stimuli should be grouped to highlight the phonetic feature in question, are being addressed in our ongoing research. In addition, we are conducting experiments investigating the neural correlates of sound-to-word learning (e.g., Wong et al., in press; Wong, Perrachione, & Parrish, in press) , and voice learning (Perrachione & Wong, 2007) to complement existing studies on cross-linguistic lexical tone perception (Wong et al., 2004) and lexical tone learning in nonlexical contexts (Wang, Sereno, Jongman, & Hirsch, 2003) . It is our hope that this line of research will provide evidence for the most effective second language pedagogy.
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NOTES
1. Throughout the text, we use the term "basic" auditory ability to refer to the relative level of acoustic, phonetic, and linguistic analyses. For example, perceiving pitch contours is a more "basic" ability than the use of pitch in word learning. 2. It is outside the scope of the current study to compare detailed methodological differences of our current basic training protocol. However, it is worth mentioning that we are currently conducting experiments comparing how stimulus grouping may affect learning; specifically, we are putting stimuli in groups of minimal triads to see whether learning becomes more efficient.
